A calibrated method of force sensing is demonstrated in which the buckled shape of a long flexible metallic nanowire, referred to as a 'nanoneedle', is interpreted to determine the applied force. An individual needle of 157 nm diameter by 15.6 μm length is grown on an atomic force microscope (AFM) cantilever with a desired orientation (by the method of Yazdanpanah et al 2005 J. Appl. Phys. 98 073510). Using a nanomanipulator the needle is buckled in the chamber of a scanning electron microscope (SEM) and the buckled shapes are recorded in SEM images. Force is determined as a function of deflection for an assumed elastic modulus by fitting the shapes using the generalized elastica model (De Bona and Zelenika 1997 Proc. Inst. Mech. Eng. C 211 509-17). In this calibration the elastic modulus (68.3 GPa) was determined using an auxiliary AFM measurement, with the needle in the same orientation as in the SEM. Following this calibration the needle was used as a sensor in a different orientation than the AFM coordinates to deflect a suspended PLLA polymer fiber from which the elastic modulus (2.96 GPa) was determined. The practical value of the sensing method does depend on the reliability and ruggedness of the needle. In this study the same needle remained rigidly secured to the AFM cantilever throughout the entire SEM/AFM calibration procedure and the characterization of the nanofiber.
Introduction
Long slender rods unstably buckle under compressive loads. Once the rod is in a buckled mode and if the stress on the material remains in the linear elastic regime, the rod will repeatedly, reversibly and continuously deflect over a continuous range of forces. For instance, these properties are obtained with macroscopic rods used as low stiffness 'buckling springs' for low frequency vibration control [1] [2] [3] . In this report we demonstrate the use of a nanoscale buckling spring as a force sensor for which force is determined by measurement of the shape of a buckled nanowire as viewed by a scanning electron microscope (SEM).
Such a probe would be desirable for contacting and mechanically probing other nanoscale structures that are in confined or recessed spaces which can be difficult to reach with standard atomic force microscope (AFM) probes. For instance, the schematic in figure 1(a) shows a long slender nanowire deflecting the fiber well beneath the supports (or recess) while the AFM cantilever and tip remains well above the supports. AFM tips, while sharp to 10 nm radius of curvature, are generally tapered and of the order of 10 μm long. Tapered tips (e.g. the one in figure 1(b)) can become obstructed if inserted into micron and sub-micron scale trenches, and for insertion depths greater than 10 μm, the even wider cantilever can be obstructed. With a long, high aspect ratio structure on the AFM probe, the cantilever can stand off at a much great distance from the nanostructure, enabling the probe to contact (as well as not visually obstruct) objects that are recessed well below the top of the support pillars. While the probe can be used in an AFM, it should be noted that most AFM's use modest resolution video optical microscopes: it can be quite difficult to accurately contact a nanostructure. However, in the SEM it is much easier to see nanostructures, as well as to view the entire bending profile of a nanowire that is tens of microns in length. While not experimentally evaluated in this study, the method might also be practically implemented with observation under an optical microscope if the needle and the nanostructure under test are fluorescently labeled. While the diameter of the objects are below the diffraction limit, the length of needles are usually orders of magnitude greater than the diffraction limit, which should enable reasonably accurate estimates of the buckled shape of the needle when viewed in profile.
Nanotubes attached to AFM tips have been observed to unstably buckle [4] [5] [6] which limits their use in AFM topography measurements to very short lengths [7] . Due to the small wall thickness of single-wall nanotubes, even very short nanotubes unstably buckle, forming sidewall kinks rather than a continuous curved shape of an elastically deformed solid (even though the resulting kinks, which have the appearance of plastic failure in solid materials, are reversible in singlewall nanotubes). Most reports on the selective attachment of nanowires to AFM tips have relied on the use of electrostatic attraction or adhesives, which do not usually provide a secure attachment needed for mechanical probing. Focused ion beam milling of AFM tips has been used to produce well-secured constant diameter tips, but for commercially available probes these tips are usually under 2 μm in length [6, 7] .
An alternative nanomaterial suited for application to buckling springs is the long freestanding metal nanowires that have been individually grown onto the tips of AFM cantilevers ( figure 1(b) ) [1] . These 'needles' are notable for their high flexibility, strong and secure attachment to the AFM tip, and their extreme length, which supports their application as buckling springs. Of particular note is their near-constant diameter along their length (at least for a majority of the needles grown to date), which simplifies modeling of their mechanical buckling properties.
A single needle is grown by nucleation of a metal alloy crystal at the tip of the AFM cantilever. The crystals grow from a room temperature melt of gallium that is supersaturated with silver resulting in the intermetallic alloy Ag 2 Ga [8, 9] . Due to the hexagonal symmetry of the Ag 2 Ga atomic lattice, the needles are generally faceted on their sides and, due to their incoherent solidification from the melt, they are often found to be rounded on their free ends. The needles that have been grown to date have diameters anywhere from 25 to 500 nm and with lengths up to 72 μm.
In this report the needle-tipped cantilever in figure 1(b) (which is 157 nm diameter and 15.6 μm long) is repeatedly used as a buckling spring in measurements both to determine its elastic properties, and to measure the mechanical properties of another nanostructure, a two-point beam made of a polymer nanofiber, as schematically illustrated in figure 1(a). These needles have been flexed numerous times with large scale deflections (e.g. in figure 6 , where the two ends are brought to within 40% of the unflexed length), without fracturing the needle and without the needle breaking from the AFM tip. These properties are significant if needle-tipped cantilevers are to be realistically used as measurement tools. The particular needle in figure 1(b) survived its complete set of AFM and SEM calibrations, followed by its use in characterizing the bending of another nanostructure.
The next section reviews the generalized elastica method that is used to describe the buckled shapes of slender, constant diameter rods in response to forces applied to their free ends. The technique of reconstructing the applied force from the shape of a buckled needle will be used as a basic concept for our method of visual sensing. Then the remaining sections describe the experimental calibration of the force sensing characteristics of the needle and then employ these sensing characteristics to evaluate mechanical properties of a second nanofiber air bridge (as illustrated in figure 1(a) ).
The generalized elastica method and its application to nanoneedle buckling springs
Modeling large deflections of beams. Elastic buckling is exactly modeled by the Euler-Bernoulli beam equation, which is a fourth-order nonlinear differential equation written in Cartesian coordinates. There are a number of efficient methods used to solve this equation numerically, but only for small deflections. For large deflections, complications come from the fact that the coordinates of the free end of the beam are not constant and boundary conditions for this equation cannot be defined in Cartesian coordinates. However, the solution of this problem in terms of elliptic integrals can be obtained by introducing curvilinear coordinates, as was first done by Timoshenko in 1953, which is now referred to as 'Timoshenko's Method of Elastica' [10, 11] . The method Figure 2 . Schematic of the buckling geometry for the generalized elastica model. models the deflected shape of a cylinder that is fixed on one end and free on the other end for a force that is applied axially down the center of the rod. Furthermore, the direction of the force is unchanged following deflection. Previously, several groups applied Timoshenko's elastica method to evaluate Young's modulus of gold nanowires [12] , WS 2 nanotubes [13] and carbon nanotubes [14] . However, the ability to axially load a nanowire in experiments can be difficult, and ensuring that the force direction is unchanged after loading is especially difficult. These concerns (for structures in general) led De Bona and Zelenika to propose the generalized elastica method [15] which can be applied to model buckling with nonaxial loading, as well as buckling of axial loads for which the reaction force at the free end of the needle can be arbitrarily directed.
In this report the generalized elastica method is used to model buckling of an initially straight needle attached to an AFM cantilever (figure 2). The end of the needle that is attached to the AFM tip is considered to be laterally constrained by the cantilever, as is observed in experiments (figure 3). The model generates the deflected shape of a needle (e.g. the traces of the elastica curves shown on top of the needles in figure 3 ) as a function of five scalar parameters: needle length L and radius R (which is contained in the cross-sectional moment of inertia I = π R 4 /4), Young's modulus E and an applied two-dimensional force vector P (equivalent to two scalar parameters). In the experimental AFM measurements of force versus distance (i.e. the F-D curves) reported in this study, the normal force N is made to coincide with the AFM's reported force and the vertical displacement coincides with the AFM's reported displacement. In order to make direct comparisons between AFM measurements and elastica-based estimates of the needle response we will interchangeably report the F-D or Nresponse. Also, it is important to stress that the generalized elastica model is two-dimensional, modeling deformations in the plane of buckling. Therefore, the model does not admit torsional buckling (which also was not observed to occur in these experiments).
The generalized elastica equations describe the mechanical system shown in figure 2. The complete set of symbols used is defined in table 1. The formulation begins with the differential equation for the deflection of a beam loaded with the force P E I dθ ds
where M is the bending moment acting at the free end of the beam, θ is the slope angle of the elastic curve with respect to force P and s is the length of a section of the beam. The vertical local coordinate y can be eliminated from equation (1) Figure 3 . Visually observed buckling of nanoneedle for vertical deflections . The curves are best fits to the SEM images using the generalized elastica method. The SEM images of needles in (b) and (c) have been traced with white lines to enhance visibility. 
Incomplete elliptic integral of the second kind
Incomplete elliptic integral of the first kind k Parameter of integration of the elliptic integrals ϕ i
Amplitude of the incomplete elliptic integrals at points O, A, B n Integer number corresponding to the buckling mode θ i
Slope angle of the elastic curve with respect to force P (or x axis)
by substituting dy/ds = sin θ giving
The general solution of equation (2) can be expressed as a linear combination of elliptic integrals [11] 
where k = sin(θ 0 /2) and sin(ϕ) = sin(θ/2)/k. Equation (3) represents, in integral form, the mechanical equilibrium condition for a slender rod. At the lowest levels of applied force the beam simply bends, which corresponds to the n = 0 solution. The first and second buckling modes of the beam correspond to n = 1 and n = 2 solutions, respectively. The needle viewed in the SEM (figures 3(b) and (c)) is in the first (n = 1) buckling mode, which is the only buckling condition considered in this paper.
The forward elastica problem is stated: given a beam fixed on one end with an applied force P on the free end, determine the (elastica) shape of the buckled beam. Then the procedure for evaluating the shape of the elastica curve is as follows. First, equation (3) is evaluated at the fixed end of the needle where s = L and ϕ A = ϕ B . In the specified geometry in figure 2 and because of the fixed end condition, the angle θ B is identical to the angle β. Also, for this end condition sin(ϕ 0 ) = 1, k = sin(θ 0 /2) and sin(ϕ B ) = sin(θ B /2)/ sin(θ 0 /2). These two variables k and ϕ B are functions of the single unknown variable θ 0 . Equation (3) is numerically solved by iteration to find θ 0 . Once this value of θ 0 is determined it becomes possible to solve for each value of ϕ A along the length of the needle s = s A . The solution proceeds using an iteration that is similar to that used for the calculation of θ 0 , with θ 0 now set to the previously determined constant. The elastica curve can then be expressed in x and y coordinates by substituting the now determined values of L, ϕ B , ϕ A , ϕ 0 and k, s into [15] 
The solution is most easily solved in the x, y coordinate system, but note that these coordinates vary for each value of deflection . However, once calculated all the x, y coordinates can be transformed into the common X, Y coordinate system using
This coordinate system is referenced to point B, which corresponds to the tip of the AFM cantilever.
Experimental method of determining the F-D response using elastica. The experimental determination of the F-D curve from nanoneedle buckling is posed as an inverse elastica problem in which the elastica shape is known and the two parameters (P and β) defining the forward elastica problem are adjusted to produce an elastica curve that best fits the experimentally observed shape. SEM images are used to provide the shape, length and diameter of the needle. This procedure is repeated for several values of from which the F-D curve is constructed. The only free parameter is Young's modulus E. The resulting best fit F-D curve can vary significantly for modest changes in the value of E. This ambiguity is resolved by adjusting the value of E to produce the best match between the SEM-measured and AFMmeasured F-D curves, which simultaneously determines the appropriate value of E.
Once this calibration procedure is completed, SEMmeasured values of can be directly interpreted as values of normal force N when using the needle to deflect other structures-even if the geometry is different from the AFM coordinates (e.g. the needle approaches the structure at a different angle than used in the AFM coordinates). If the geometry is different, then the inverse solution of the elastica equations can be repeated using the previously determined value of E.
Also, it should be noted that the needles can be deflected further in the SEM than the scan range of most commercial AFM's (which is limited to a Z-scan of around 16 μm for recording F-D curves.) However, the nanomanipulator used in this study scan can be continuously scanned and viewed in the SEM 11 mm each in the X, Y and Z coordinates. Testing of nanostructure deflections much larger than 16 μm can be envisioned. For example, in figure 6 , presented below, a 38 μm needle is deflected 16 μm without breaking, while a proportionate bending of a 70 μm needle would be 29 μm. If the needle is forcing another nanostructure to deflect, e.g. the fiber in figures 7 and 8, presented below, the added deflections of that structure would be added to the scan range. For instance the fiber in figure 7 is around 200 μm long. If it were made of a rubbery elastomer it could be stretched 100% (or even more) without breaking. Deflecting the fiber at its center and stretching its length by 100% would correspond to a vertical deflection of 173 μm. To develop an F-D response for such long ranges would be at best quite tedious, requiring controlled stage translation (under very limited viewing conditions) followed by stitching together the 16 μm F-D curves.
Following the report of the experimental calibration of the needle-tipped probe in figure 1(b) , two examples of force sensing with nanoneedle buckling springs are presented. These examples demonstrate the use of the needle (1) with an angle of approach that is different than that used for the calibration and (2) with a scan range in excess of standard AFM scan ranges.
Experimental conditions
AFM measurements with the needles are performed both as part of the calibration needed to establish Young's modulus, and to verify the validity of the SEM measurements. As part of this validation, the stiffness of the AFM cantilever needs to be comprehended as well. The F-D curve of the needle-tipped AFM cantilever in figure 1(b) is first measured figure 1(b) before and after the SEM calibration and the measurement of the nanofiber. These AFM curves were taken one month apart.
in an AFM (MFP-3D, Asylum Research, Santa Barbara, CA). The cantilever spring constant is determined by pressing the needle against a rigid surface (a polished silicon wafer) with forces low enough that the needle acts as a rigid column that does not buckle. The measurement gives a spring constant of 3.77 N m −1 . In figure 4 the initial steep slope in the curve corresponds to the deflection of the AFM cantilever prior to buckling of the needle. The deflection range is then increased, consequently producing forces (greater than the critical buckling force of ∼170 nN) that are sufficient to buckle the needle. (Note: critical buckling for needles of typical sizes can be appreciated from the standard formula for the critical buckling force of an axially loaded fixed-free cylindrical column F crit = 15.8 E R 4 /L 2 [16, 17] . This equation gives identical critical forces for columns of identical length to cross-sectional area. For nanoneedles of lengths 5-70 μm and 100 nm diameter the critical buckling force varies from 1.38 to 270 nN.)
The combined mechanical response of the nanoneedle and cantilever can be qualitatively described as a system of two springs connected in series with spring constants k c and k n , for the cantilever and needle, respectively. The total spring constant can be expressed as k s = k c k n /(k c + k n ). In the region of high slope dN/d the AFM cantilever bends, but the needle does not deform. Therefore, in this interval k n = ∞ and k s = k c . Once normal force N passes the critical value, the needle goes into the first buckling mode (low slope dN /d ). Since k c k n once the needle is buckled, the total spring constant approximately equals the spring constant of the needle
The F-D measurement is cycled until it is repeatable, which ensures that the needle settles into a stable end condition. This measurement is performed both before and after performing the buckling measurements in the SEM. SEM images (e.g. the ones in figure 3 ), as well as the F-D curves in figure 4 (which differ by less than 4%) that are taken before and after the SEM imaging, demonstrate that the needle is only slightly changed by its repeated use and other possible variations in repositioning the mechanical system. Measurements of needle deflection in the SEM are set up to obtain the same approach angle (α = 18
• , from normal) in the SEM (see figure 3(a) ) as in the AFM measurements. The cantilever is securely attached with carbon tape to the arm of a nanomanipulator (S100, Zyvex Corporation, Richardson, TX). The nanomanipulator baseplate is mounted on the XYZ stage of the SEM. The theta stage with sample stub protrudes through the baseplate, and the sample contacted by the needle is mounted on this stub. The sample is rotated around and bringing it into rough alignment with the nanomanipulator arm and needle, and then the nanomanipulator positions the needle in X, Y, Z . The needle, cantilever and baseplate are oriented with respect to the SEM detector so that the plane of buckling is in the plane of the image recorded by the SEM. The nanomanipulator is used to push the needle against the surface (in the vertical direction as indicated in figure 3 ) to produce buckling with differing amounts of deflection. Each deflection is recorded in profile in an SEM image. Figure 3(c) shows the needle at the largest deflection recorded for the calibration procedure. Note that the SEM images taken from several viewing directions confirm that torsional buckling does not occur. 
Elastica-based fits to needle deflections
Calibration of the buckling response was performed of the 157 nm diameter × 15.6 μm long needle ( figure 1(b) ). SEM images for six values of vertical deflection were recorded. Two images are shown in figures 3(b) and (c) and the six values of deflection are plotted on figure 5(a) . Note that the estimated F-D curve depends strongly on the value of the free parameter E. For E = 68.3 GPa the elastica-estimated forces are well fitted by the AFM-measured F-D curve (from figure 3, which is replotted in figure 5(a) ). Figure 5 (b) also plots the angular difference in direction γ between the total force P and the AFM-measured normal force N. The curve shows an increasing inclination of P with respect to N with increasing deflection .
A second needle was evaluated by this same method using the estimated value of E determined in the experiment above. In this case the measurement is performed with the needle attached to the substrate rather than the AFM cantilever, with the purpose of presenting a force measurement that is extremely difficult to perform with AFM optical sighting but reasonable to perform with the higher resolution imaging of the SEM. In figures 6(a) and (b) this 107 nm diameter × 38 μm (visible) length needle is attached to the AFM tip by van der Waals' force (and possibly surface charging induced electrostatic and frictional forces). Therefore, the needle is considered to be freely hinged at the AFM tip. At the gallium droplet the needle appears to be approximately fixed in location and able to tilt only slightly from the vertical for the most extreme buckling (which is 16.58 μm in ). In our model, which assumes a single fixed point of contact, the computed buckling curves extrapolate to a vertically oriented clamp being located at 2 μm inside the gallium. For this reason we have selected 40 μm as the effective length which approximates an ideal fixed-free beam. The elastica-based estimate of the F-D curve from SEM images of the nine buckled deflections is plotted in figure 6(c) . The greater length and narrower diameter of this needle, compared to the needle in figure 1(b) , leads to the lower values of stiffness and critical buckling load [16, 17] .
In passing, it should be noted that the substrate-attached needle was unintentionally broken from the AFM tip during the process of growing it from the gallium droplet. This begs the question about yield in making nanoneedle tipped cantilevers. In this study at least 60% of the time nanoneedles are found attached to the AFM cantilever rather than the droplet. Sometimes, depending on which researcher makes the probe, a yield as high as 90% has been observed.
Nanoneedle buckling spring used as a force sensor
The nanostructure that is to be mechanically characterized (in the set-up in figure 1(a) ) is one of the suspended polymer nanofibers from the array of fibers shown in figure 7 . The fibers were made from a solution of the polymer 15 wt% poly(Llactic acid) (PLLA) in chloroform by the 'manual brush-on method' in [18, 19] . The silicon support pillars in figure 7 were made by cutting a silicon wafer with a diamond dicing saw, followed by rounding the features by wet isotropic etching of the silicon. The fibers in figure 7 are 200 nm diameter × 225 μm long.
A fiber is deflected by the needle from figure 1(b). As shown in figure 8(a) , the approach angle α is 27
• instead of the 18
• used for the calibration. The needle is positioned such that the deflected fiber (figures 8(b) and (c)) and the elastica curve are in the same plane and the SEM view is oriented perpendicular to this plane. The inverse elastica problem is solved to determine the force normal to the fiber for each needle deflection and plotted in curve (3) of figure 9 . The needle at 27
• requires less force to bend than if the measurement had been performed at 18
• (curve (2)) or 0
• (curve (1)). The geometry of the deflected fiber is also measured from SEM images. The length of the unstrained fiber is L f , which equals to the distance between the pillars. The normal force N from the needle produces a vertical deflection δ t and an elongation δ L f of the fiber. Based on the observed shape of the deflection, the fiber is reasonably modeled as a string under tension T as opposed to a beam undergoing bending. For the deflection in figure 8(c) the 225 μm fiber is found to displace δ t = 6.3 μm which from geometry gives a lengthening of the fiber δ L f = 0.35 μm. For a normal force N = 162 nN, the tension in the fiber can be found as
These results, together with the fiber radius r f = 0.1 μm, can be used to calculate Young's modulus of the polymer by the formula
which gives E = 2.96 GPa. This value can be compared with reported values for electrospun PLLA nanofibers which had values of E between 2.7 and 6.7 GPa [20, 21] . In the above analysis only the normal force was considered, even though there is a considerable component of force in the lateral direction (specifically, γ = 44
• or the lateral force is basically equal to the vertical force). For the above calculated value of E if all the lateral force were applied axially to stretch half the fiber it would only produce an elongation of ∼17 nm, which is ∼20 times smaller than the elongation due to the normal force. This confirms that the elongation of the fiber occurs primary due to the normal force N and the asymmetry due to the lateral forces is negligible.
A second assumption in the evaluation of the fiber is that the fiber has negligible residual tension (or compression). This was experimentally confirmed by breaking several fibers with a micromanipulator at the point of support near the pillar. No observable shortening (or lengthening) was observed in SEM images which have 3 nm resolution or 0.9% of the change in fiber length δ L f produced by stretching the fiber, therefore suggesting that residual tension, if present, is negligible. Residual compressional force can even be bounded below this level, since the fiber does not appear buckled. The critical buckling force for the polymer fiber modeled as a fixed-fixed column can be calculated to be 180 pN [16, 17] , which is 0.01% of the tension applied during the experiment. However, for a linear elastic material the elastic modulus and residual tension can be derived if at least two deflections are performed producing tensions T 1 and T 2 and axial elongations δ L 1 and δL 2 . Then the initial elongation of a fiber δL 0 can be found from the equation
The length of unstrained fiber becomes L 0 = L f − δ L 0 and then Young's modulus is calculated as
With the values of δL 0 and E determined by equations (11) and (12) residual tension is found by substituting these results into equation (10) to give
Other possible contributions to measurement error include offsets in vertical fiber deflection δ t due to local indentation of the fiber and thinning of the fiber diameter as it is stretched. Since the needle does not puncture the fiber, the offset would be less than the fiber diameter of 200 nm, which is 3.1% of the measured value of δ t . The offsets are considerably less. Indentations are not observable at the 3 nm SEM resolution during the deflection experiment. Also a crude estimate of the elastic compression of the polymer material gives values in the nanometer range. Here we model the needle as a 157 nm diameter flat disk which would produce a pressure of around 8.4 MPa for the 162 nN normal force. The rounded tip would increase the concentration of the force (and tip offset), but that the fiber is not resting on a substrate reduces concentration of the force. Stretching also changes the cross-sectional area of the fiber. Assuming conservation of volume the radius of the fiber changes by 0.15 nm or 0.15% of the fiber radius.
For the particular experiment of the long polymer fiber deflected by the nanoneedle, these various effects associated with residual tension and tip offset appear to be negligible compared to the measurement of vertical fiber displacement by the normal force deduced from the buckled shape of the needle.
Summary
The nanoneedle buckling spring represents a new kind of force sensor that can be used for the measurements of mechanical properties of individual nanostructures that are not easily studied with standard AFM probes. The needles provide good correspondence with AFM measurements and they survive unchanged through many measurements. The ability to calibrate a needle in one mechanical configuration and then to quantifiably measure the forces in other configurations would be quite useful for studying complex three-dimensional nanostructures and nanosystems.
